This work presents a novel method for fast characterization of broadband and continuous dielectric properties of microwave substrates based on an ungrounded coplanar waveguide (UGCPW) structure containing two simple straight lines. The proposed method could, to some extent, alleviate the derivation error due to connector soldering and device fabrication. To verify this point, theoretical analysis and result comparisons are carried out. By considering both the conductor loss and radiation loss, the dielectric loss tangent can be retrieved with a high precision. The deviation of the measured dielectric constant and dielectric loss tangent are found to be within 0.03 (0.68%, 4.37 vs 4.40) and 0.0013 (6.5%, 0.0213 vs 0.02), respectively, in the range from 12 to 20 GHz, which is more accurate than the results reported in the literature, all while the proposed extraction approach is simpler than other methods such as the wave cascading matrix (WCM) algorithm. Due to the UGCPW configuration, this method is suitable for property evaluation of emerging synthesized dielectric materials, as a single round of electroplating process is required for device design, which can eliminate possible consistency error in conductor thickness and roughness caused by multiple electroplating process.
I. INTRODUCTION
Before designing microwave devices, it is crucially important to accurately understand the dielectric properties of the used substrate materials, especially their dielectric constants. However, most printed circuit board (PCB) manufacturers usually provide dielectric information only at a single frequency, e.g. 1 GHz. Hence, any dielectric constant deviation may result in frequency shift if the inaccurate dielectric information is used during the design process. In addition, modern microwave dielectrics are not only limited to conventional hard ceramic laminates, but also encompass non-traditional flexible materials such as fabric substrates and newly developed dielectric materials [1] - [7] .
The associate editor coordinating the review of this manuscript and approving it for publication was Kuang Zhang. Therefore, the accurate characterization of material dielectric properties is of significant importance, thus has been naturally drawing extensive attention.
In general, there are different kinds of methods and techniques for measuring the material properties at microwave frequencies, but none of them is suitable for all different types of substrate materials in the entire frequency spectrum. The measurement techniques have to be selected according to the estimated dielectric properties of the materials under test (MUT), such as the material size and state, the required extraction accuracy, the processing simplicity, the bandwidth of interest, as well as the required type of testing equipments [4] , [8] - [16] . The material characterization techniques can be divided into two main categories based on bandwidth, namely broadband measurement and narrowband measurement [17] . The narrowband measurement primarily relies on resonant cavities with more accurate results, but only at discrete resonant frequencies [9] , [18] , [19] . The broadband technique is typically based on the complex transmission and/or reflection coefficients of electromagnetic waves propagating within the MUT with a non-resonant structure [17] . The merit of the broadband measurement technique is that it can obtain a broadband material property, while it owns a lower extraction accuracy [10] . There are two kinds of broadband measurement techniques -guided-wave structure based technique and space-wave structure based technique.
One of the broadband measurement techniques by applying the guided-wave structure is defined as multiline method, which was developed in 1991 to improve the extraction accuracy and bandwidth over conventional thru-reflect-line (TRL) method [20] . In this method, a third line was employed such that the propagation constant can be determined with a better accuracy. After that, an optimized error correction method was proposed by applying only two non-reflecting transmission lines instead of a complete set of calibration standards (at least three steps), in which the wave cascading matrix (WCM) was used for minimizing the error [21] . In 2019, the dielectric material characterization of plastic filaments used for 3D printing was investigated by the multiline method, in which the WCM method was applied as well. A rectangular coaxial transmission-line fixture was employed, and the MUT was placed inside the coaxial fixture. However, due to the conducting loss of the fixture, the extraction error percentage of dielectric constant and loss tangent could be as large as 5% and 10%, respectively [10] . The effective dielectric constant of an unknown substrate can also be derived based on the phase difference of two microstrip line configurations, which is another type of guided-wave structures [22] . However, the substrate dielectric constant and loss tangent were not analyzed and calculated.
For the space-wave structure based broadband measurement, one example is to extract the effective parameters of planar metamaterial slabs by applying the WCM method. The broadband effective material parameters of metamaterial slabs determined in the range from 5 to 15 GHz was investigated by comparing the scattering parameters of the metamaterial slabs with different thickness values and distances away from the horn antennas [23] . But the shortcoming of such method is that the size of slabs needs to be electrically large, and the measurement accuracy is sensitive to the relative location between the slabs and transmitting/receiving antennas. It can be seen from the above literature that these methods possess certain deficiency in the calculation of dielectric properties. For instance, dielectric materials need to be filled in coaxial transmission lines, which are widely used, but are also expensive to produce and time consuming to measure [20] . In addition, the WCM algorithm is usually applied for calculation and the extraction accuracy needs to be further improved due to the influence of other losses [10] . Finally, the multiline methods have not been intensively studied in microstrip line or coplanar waveguide structures.
In this work, we propose an optimized method based on the ungrounded coplanar waveguide (UGCPW) configuration with two simple straight lines for fast characterizing dielectric materials at microwave frequencies. The UGCPW structure is very suitable for electroplating certain newly developed dielectric materials, avoiding high fabrication cost and difficulty, as well as possible consistency error in conductor thickness and roughness caused by multiple electroplating process, e.g. at least two electroplating steps are required for the upper and lower layers of a microstrip configuration. Furthermore, this method can offer broadband and continuous dielectric parameter extractions. The error due to connector soldering and fabrication could also be alleviated to a certain extent. Without using the WCM algorithm, the transmission magnitudes and phases are enough for material property extraction. By considering various losses associated with the UGCPW structure, including the conductor loss and radiation loss, the extraction accuracy of the proposed method is greatly improved.
II. PROPOSED METHOD AND THEORY
For a UGCPW based simple straight line with a length of L, the effective dielectric constant ε eff of the substrate can be obtained through its transmission (S 21 /S 12 ) phases ∅ (in degrees) as
(
where c is the speed of light in vacuum, and f is the working frequency. However, the transmission phase ∅ may have a certain deviation due to the influence of connectors, soldering, and fabrication inaccuracy, which would inevitably result in errors in the extracted effective dielectric constant and also substrate dielectric constant. Such error also occurs in the retrieved substrate dissipation factor as well. To tackle with this problem, we propose an optimized method with two UGCPW straight lines to reduce the error caused by the factors mentioned above, which can increase the reliability of the obtained substrate dielectric constant ε r and the dissipation factor tan δ (defined as the imaginary part of complex permittivity over the real part of complex permittivity). Figure 1 shows a schematic diagram of the structure used in the proposed method for MUT, and the related parameters will be described in the following sections.
For UGCPW straight lines with lengths of L Long and L Short , assuming their corresponding transmission phases are ∅ Long and ∅ Short , respectively. Both the length and phase relations can be expressed as follows when X is used to represent either the length L or the phase ∅, thus
In the above equations, L Long_M and L Short_M are the lengths of the middle section, by removing the effect of SMA connecting and soldering issues which is expressed by length error L error and phase error ∅ error . In the next step, the ideal relation of phase (∅) and length (L) described in equations (1)-(2) can be applied to calculate their phase difference as follows:
By combining equations (5) and (6), the following relation with less connection/soldering errors is obtained:
It should be mentioned that the above derivation is based on the assumption that the connection and soldering of the long and short lines are identical. Once the effective dielectric constant ε eff (f ) is known, the substrate dielectric constant ε r can be derived by the following expression [24] 
where the filling factor q is given by
K is the complete elliptic integral of the first kind, k 0 and k 1 are the complementary moduli associated with the modulus k 0 and k 1 , and they are given by
where S and W are the signal line width and gap of the UGCPW structure, respectively, and H is the substrate thickness. The ratio K (k) K (k ) can be evaluated by
The above expression K (k) K (k ) possesses an accuracy of one part in 100000, and the values of K (k) and K (k) parameters can also be worked out [24] . The transmission magnitude of UGCPW straight lines can be obtained directly, which is related to the total attenuation α t . The conductor loss α c of a UGCPW straight line is associated with the characteristic impedance Z 0 and is known as [24] - [26] α c = 20 ln 10
where R c is the distributed series resistance of center strip conductor in ohms per unit length and R g is the distributed series resistance of ground planes in ohms per unit length. Note that the unit of the conductor loss α c in equation (15) is in decibels per unit length instead of Nepers per unit length. Although the attenuation due to radiation in the proposed UGCPW structures is very small since the straight-line structure has no discontinuities, it is still should be analyzed and included in the calculation in order to obtain more accurate results. The radiation loss α r is related to the dielectric wavelength λ d , which can be obtained by [27] α
where the expressions of the radiation form factor f (ε r ) is given by
The conductivity of most dielectrics is extremely low, hence the resulting attenuation is usually very small. In our calculation, the loss due to the substrate conductivity term was ignored. Therefore, the dielectric loss α d in UGCPW straight lines can be calculated according to
By optimizing the difference of transmission magnitude between the long and short UGCPW straight lines, the attenuation errors due to the connection and soldering can be minimized as well, which can be expressed as
Once the dielectric loss α d is obtained, the dissipation factor tan δ of the dielectric material can be calculated by [24] tan
In this method, the error mainly comes from the inaccuracy of the formulas calculating characteristic impedance Z 0 and conductor loss α c , the inaccuracy of manufacturing dimensions, and the inconsistent connectors and soldering situation. The formulas of calculating Z 0 and α c in this algorithm are based on quasi-transverse electromagnetic (TEM) approximation, which can be obtained by conformal mapping method [24] . Errors could occur when the quasi-TEM approximation is not valid. In the manufacturing process, the device dimensions may have deviation, which will also lead to the error in the extracted parameters. For the error caused by inconsistent connectors and soldering, the proposed method assumes that the connectors and welding situation are completely identical, which is difficult to be the same in practice. Particularly, at high frequencies, the effect of the inconsistency would become more obvious. The specific error analysis will be given in Section III.
III. RESULTS AND DISCUSSION
The widely used substrate material FR4 was employed as the MUT to experimentally verify our method. Two UGCPW straight lines with the lengths of 50 and 100 mm were fabricated, and a photograph of the samples is shown in Fig. 2 . The copper with a thickness of 18 um was etched on one side of the 0.5-mm-thick FR4 substrate to form the straight UGCPW structure. The signal line width S and the gap W are 1.3 mm and 0.16 mm, respectively. Two SMA coaxial connectors were carefully soldered on these two UGCPW structures in order to make them have almost the same welding effect to ensure the assumption that their mechanical and electrical properties are identical. The fabricated samples were measured with a vector network analyzer (VNA) N5247A, with the measured transmission scattering parameters depicted in Fig. 3 .
It can be seen from Fig. 3 that the magnitude and phase of S 21 are well matched with those of S 12 for both structures with lengths of 50 and 100 mm. The transmission phases in the figure are highly linear. Moreover, the differences between the transmission magnitudes and phases of these two structures are also included in the figure, which can be understood as relatively ideal result of a 50-mm-long UGCPW straight line with reduced effects of SMA connection and welding. When comparing the results of the ideal differential 50-mm-long structure and those of the fabricated one, it can be observed that the transmission phase of the ideal differential 50-mm-long structure is smaller. This might be attributed to the parasitic effect of connector soldering. The corresponding dielectric constants based on the transmission phases of the ideal differential and the fabricated 50-mm-long structures were calculated and compared by using the equation (7) and equation (2), respectively. Using the relationship shown in equation (8) between effective dielectric constant and substrate dielectric constant, the extracted FR4 dielectric constants using these two methods were obtained [see Fig. 4 ]. It is noticeable that the dielectric constant is around 17.4 when employing the measured data directly from the fabricated straight UGCPW structure, which is dramatically different from the data provided in the vendor's datasheet (dielectric constant and dielectric loss tangent at 10 GHz are 4.4 and 0.02, respectively). However, by applying our proposed method, the calculated dielectric constant is around 4.37, which is fairly close to the value in the datasheet, with a difference of only 0.03, i.e. 0.68%. From this figure, some spikes at low frequencies can be observed, which are probably caused by imperfect calibration during the measurement process [23] . The imperfect calibration at low frequencies can result in inaccurate measurement of scattering parameters, which can also explain the phenomenon that the transmission magnitude is greater than 0 at low frequencies as shown in Fig. 3(a) .
It can also be found from Fig. 3(a) that the transmission loss of the ideal differential 50-mm-long structure is smaller, which is reasonable as the loss caused by connection and soldering is reduced. At high frequencies, ripples can be clearly seen due to the resonance of straight lines. Here the transmission loss per unit length among these three cases is also compared, as displayed in Fig. 5 . The result of the ideal differential 50-mm-long structure was obtained based on equation (20) . It can be seen that the unit length transmission loss of the ideal differential 50-mm-long structure is the smallest. Because of the connection and soldering loss, the averaged transmission loss per unit length for the fabricated 50 mm and 100 mm long structure are not the same, and that of the 50-mm-long structure is larger.
By using the proposed method, the derived loss components of the ideal differential 50-mm-long UGCPW structure can be calculated [see Fig. 6(a) ]. it is noticed that the radiation loss and the conductor loss only account for a small portion of the total loss, while the UGCPW structure loss mainly comes from the substrate dielectric loss, which increases as the frequency becomes larger. A polynomial curve fitting approach was applied to represent the frequency dependency of the total loss, which can reduce the curve oscillation shown in Fig. 5 . The derived dielectric loss tangent is depicted in Fig. 6(b) , indicating that the value is maintained at around 0.0213 in the range from 12 to 20 GHz. At frequencies lower than 12 GHz, the dielectric loss tangent value is gradually increasing, which is mainly due to the fact that the electrical length of the ideal differential 50-mm-long UGCPW structure becomes smaller. The difference between the derived dielectric loss tangent of 0.0213 and the value of 0.02 shown in the FIGURE 6. The derived (a) loss components of the ideal differential 50-mm-long UGCPW structure (total loss α t , conductor loss α c , dielectric loss α d , radiation loss α r ), and (b) dielectric loss tangent of FR4 substrate material.
FR4 datasheet is 0.0013, i.e. 6.5%, which is more accurate than the error occurred in [9] .
A comparison between the proposed approach and other methods reported in the literature is summarized in Table 1 . Since SMA coaxial connectors are used, only the material properties at frequencies below 20 GHz are characterized in this work. As the proposed algorithm is based on the quasi-TEM approximation, the material characterization at higher frequencies is possible if the quasi-TEM wave assumption and good welding accuracy of millimeter-wave connectors, e.g. 2.92mm connectors, are satisfied. At higher frequencies, if the quasi-TEM approximation is no longer valid, the effective dielectric constant would show an obvious frequency dispersion. On the other hand, it is difficult to maintain the welding consistency, thereby, leading to larger error at higher frequencies. In this work, the proposed method was verified in the frequency range of interest below 20 GHz. Compared with the results presented in the literature, our proposed method can offer a more accurate retrieved complex dielectric permittivity, with an extraction error of the dielectric constant and dielectric loss tangent of only 0.68% and 6.5%, respectively. The slight deviations of the derived dielectric constant and dielectric loss tangent may be due to the non-perfectly identical connection and soldering of these two UGCPW structures. This is considered as the main source of the error, and it could be optimized with more advanced connection and soldering techniques. Furthermore, the calculation did not account for the metal surface treatment, where the immersion gold was applied to prevent the copper oxidation. Moreover, the error in fabrication and geometry of the UGCPW structures may cause errors in the derived dielectric properties as well, which could be improved by applying more accurate manufacturing methods. The proposed method can also be applied to other waveguide structures as well. When obtaining the differential phase and effective dielectric constant, substrate dielectric constant and dielectric loss tangent can be extracted by accurately separating all kinds of losses in combination with the structure dimensions.
IV. CONCLUSION
A novel method for fast determining broadband and continuous dielectric properties of substrate materials was presented in this paper. The derivation and optimization are based on the UGCPW structures containing two simple straight lines. The UGCPW configuration is suitable for electroplating certain newly developed dielectric materials, avoiding high fabrication cost and difficulty, as well as possible consistency error in conductor thickness and roughness caused by multiple electroplating process. In addition, the error caused by connector soldering and fabrication can be alleviated by jointly utilizing the scattering parameters of two straight lines. The loss components of the proposed structure and the cause of the deviation in the dielectric property have also been discussed. Based on the proposed method, the dielectric property of the widely used FR4 substrate has been characterized at frequencies below 20 GHz. The derived results show a good agreement with the values provided in the vendor's datasheet. The deviation of the derived dielectric constant and dielectric loss tangent are as small as 0.03 (0.68%) and 0.0013 (6.5%), respectively. Although the proposed approach is simpler than the WCM algorithm, the extraction accuracy is higher than the results reported in the literature since the conductor loss and radiation loss are taken into account during the retrieval process. His current research interests include microwave/millimeter-wave antennas and circuits, millimeter-wave systems, impedance surfaces, metamaterials, and analytical methods.
